1. Introduction {#sec1-molecules-25-00524}
===============

Ordered nanoporous materials have applications in various fields such as catalysis, adsorption, optics, electronics, and medicine \[[@B1-molecules-25-00524],[@B2-molecules-25-00524],[@B3-molecules-25-00524]\]. Siloxane-based nanoporous materials are particularly important because of the abundant resources, low-toxicity, structural diversity, and high thermal stability of the siloxane (Si--O--Si) networks. Fine control of the pore structures is essential for many applications. Zeolites are microporous siloxane-based materials with a variety of crystalline frameworks \[[@B1-molecules-25-00524],[@B2-molecules-25-00524],[@B4-molecules-25-00524]\]. However, the rational design of the zeolite frameworks is difficult, mainly due to the harsh hydrothermal conditions required for their crystallization. Mesoporous silica is another type of ordered siloxane-based nanoporous materials that is formed by self-assembly processes using surfactants and silicate species under relatively mild conditions \[[@B2-molecules-25-00524],[@B5-molecules-25-00524]\]. The composition and mesostructure (two-dimensional (2D) hexagonal, cubic, etc.) are easily controllable; however, the pore walls of mesoporous silica are amorphous at the molecular level in almost all cases, limiting their practical applications.

The use of well-defined oligosiloxanes as molecular building blocks has received great interest in overcoming these issues \[[@B6-molecules-25-00524],[@B7-molecules-25-00524]\]. The controlled connection of oligosiloxanes by the soft-chemical approach enables us to construct a variety of silica frameworks depending on the molecular structure and arrangement of the building blocks. Cage siloxanes are most attractive among various oligosiloxanes such as those with chain- \[[@B8-molecules-25-00524],[@B9-molecules-25-00524]\], ring- \[[@B10-molecules-25-00524],[@B11-molecules-25-00524],[@B12-molecules-25-00524]\], ladder- \[[@B13-molecules-25-00524],[@B14-molecules-25-00524]\], and cage-like structures \[[@B14-molecules-25-00524],[@B15-molecules-25-00524],[@B16-molecules-25-00524],[@B17-molecules-25-00524]\]. The rigid structures with multiple functional groups directing outward from the cage are quite useful for constructing three-dimensional (3D) porous frameworks. Cage siloxanes with various polyhedral structures are known ([Figure 1](#molecules-25-00524-f001){ref-type="fig"}) \[[@B15-molecules-25-00524],[@B16-molecules-25-00524],[@B17-molecules-25-00524],[@B18-molecules-25-00524]\]. It is noteworthy that the double-four-ring (D4R), double-five-ring (D5R), and double-six-ring (D6R) structures are present as secondary building blocks of some zeolites. Cage-type organosiloxane oligomers containing organic groups in the frameworks are also available as building blocks \[[@B19-molecules-25-00524]\]. For connection of cage siloxanes, various functional groups such as Si-R (R = organic groups), Si-H, Si-OR' (R' = alkyl), and Si-OH groups can be attached to the corner Si atoms.

Numerous efforts have been made on the synthesis of nanoporous materials by cross-linking cage siloxanes with siloxane bonds or organic linkers. This paper focuses on the construction of nanoporous siloxane frameworks by connecting cage siloxanes with siloxane bonds. In addition to the D4R siloxanes, other cage siloxanes have also been used. Among various functional groups that can be employed for the siloxane bond formation (e.g., Si-H, Si-Cl, Si-OR', and Si-OH groups) \[[@B20-molecules-25-00524],[@B21-molecules-25-00524]\], alkoxy (Si-OR') groups are most commonly used for the formation of siloxane bonds by simple hydrolysis and condensation reactions. Silanol (Si-OH) groups are also important as they can readily form siloxane bonds by dehydration condensation or by silylation with chlorosilanes. Control of the arrangement and connection of silanol-modified cage siloxanes is crucial for the production of porous materials with well-defined structures.

2. Synthesis Routes to Cage Siloxanes as Building Blocks {#sec2-molecules-25-00524}
========================================================

Cage siloxanes (XSiO~1.5~)*~n~* (X = O^--^, H, organic group; *n* = 6, 8, 10, etc.) can be obtained when the hydrolysis and polycondensation reactions of alkoxysilanes or chlorosilanes are performed under specific conditions. Anionic cage silicate with Si-O^--^ groups are formed in basic aqueous silicate solutions containing quaternary ammonium cations. For example, in the presence of tetramethylammonium (TMA) cations, cubic silicate (Si~8~O~20~^8−^) with a D4R structure is almost quantitatively formed ([Figure 2](#molecules-25-00524-f002){ref-type="fig"}a), while double-three-ring (D3R) and D5R silicates become dominant in the presence of tetraethylammonium (TEA) cations and tetrabutylammonium (TBA) cations, respectively \[[@B16-molecules-25-00524],[@B22-molecules-25-00524]\]. In addition, D6R silicate anion (Si~12~O~30~^12−^) can be obtained as an inclusion complex with α-cyclodextrin \[[@B23-molecules-25-00524],[@B24-molecules-25-00524]\]. Furthermore, cage-type organosiloxane oligomers can be selectively formed by hydrolysis and polycondensation of a methylene-bridged bis-trialkoxysilane \[(EtO)~3~Si--CH~2~--Si(OEt)~3~\] in the presence of TMAOH \[[@B19-molecules-25-00524]\].

These cage-type silicate and organosilicate anions can be derivatized by silylation of the corner Si-O^--^ groups with chlorosilanes ([Figure 2](#molecules-25-00524-f002){ref-type="fig"}a). Oligosiloxanes having alkoxysilyl groups suitable for sol--gel reactions can be obtained by using alkoxy(chloro)silane (R~3−*m*~(R′O)*~m~*SiCl, R = organic groups, R′ = alkyl, *m* = 1--3) as the silylating agent \[[@B25-molecules-25-00524]\]. A decrease in the amount of water in the reaction system is crucial to avoid hydrolysis and self-condensation of the silylating agents when such silylating agents with more than two hydrolyzable groups (Si-Cl, Si-OR', and Si-H) are used. Smet et al. reported an efficient method for preparing D4R siloxane modified with functional silyl groups \[[@B26-molecules-25-00524]\]. They used \[N(*n*-C~4~H~9~)~4~\]H~7~\[Si~8~O~20~\]·5.33H~2~O crystals for silylation. The amount of H~2~O per D4R silicate is much smaller than that in the TMA-D4R silicate hydrate crystal (65H~2~O per D4R); therefore, a bifunctional silylating agent Me~2~SiCl~2~ was successfully used to form (Si~8~O~12~)(OSiMe~2~Cl)~8~. More importantly, Nozawa et al. succeeded in the isolation of silanol-modified D4R siloxane (Si~8~O~12~)(OH)~8~ by cation exchange of (Si~8~O~20~)(NMe~4~)~8~ using Meldrum's acid in N,N-dimethylacetamide \[[@B27-molecules-25-00524]\]. This compound does not contain water and could be silylated with chlorosilanes without side reactions.

Cage siloxanes with Si-H or Si-R (R = organic groups) groups, called polyhedral oligomeric silsesquioxanes (POSSs), can be synthesized from trifunctional alkoxysilanes or chlorosilanes ([Figure 2](#molecules-25-00524-f002){ref-type="fig"}b). Agaskar reported that a mixture of H~8~Si~8~O~12~ and H~10~Si~10~O~15~ with D4R and D5R structures, respectively, was formed by the reaction of trichlorosilane (HSiCl~3~) in an acidic solution containing iron chloride \[[@B28-molecules-25-00524]\]. The Si-H groups can be converted to Si-R, Si-OR', and Si-OH groups (R, R' = organic groups) \[[@B29-molecules-25-00524],[@B30-molecules-25-00524]\], which makes these POSSs quite useful as the precursors of a variety of building blocks. POSSs with organic groups, such as Me, Ph, etc., can also be synthesized \[[@B15-molecules-25-00524],[@B17-molecules-25-00524]\]. High-yield synthesis of POSSs has been achieved by the reaction of organotrialkoxysilanes in the presence of TBAF \[[@B31-molecules-25-00524]\]. Interestingly, encapsulation of F^--^ within the D4R cage was reported for phenyl POSS \[[@B32-molecules-25-00524]\]. In addition, cage metallosiloxanes in which some of the Si atoms are replaced with hetero elements (such as Al and Ti) are reported \[[@B16-molecules-25-00524]\]. These compounds have attracted much attention as building blocks, especially for catalysis. Although POSSs with organic substituents (Si--C bonds) are not directly used for siloxane bond formation, some of them allow the introduction of silyl groups by post-modification.

3. Preparation of Porous Materials by Hydrolysis and Polycondensation of Alkoxy-Functionalized Cage Siloxanes {#sec3-molecules-25-00524}
=============================================================================================================

Alkoxy groups (Si-OR', R' = Me, Et, etc.) are commonly used as functional groups for the formation of siloxane bonds. Si-OR' groups are converted to Si-OH groups by hydrolysis (Equation (1)), and a siloxane bond is formed by a dehydration condensation reaction between the Si-OH groups (Equation (2)).

Klemperer et al. produced a porous xerogel by hydrolysis and polycondensation reactions of a cage-type siloxane with methoxy groups (Si~8~O~12~(OMe)~8~) ([Figure 3](#molecules-25-00524-f003){ref-type="fig"}a) \[[@B33-molecules-25-00524],[@B34-molecules-25-00524]\]. The specific surface area of the xerogel was higher than that prepared from tetramethoxysilane, suggesting that the rigid cage siloxane structure was effective for the generation of micropores. More recently, we reported the formation of a microporous xerogel by hydrolysis and polycondensation of cage siloxanes having --OSiMe(OEt)~2~ groups ([Figure 3](#molecules-25-00524-f003){ref-type="fig"}a) \[[@B25-molecules-25-00524]\]. Solid-state ^29^Si NMR analysis suggested that the cage structure was almost retained without the cleavage of the Si--O--Si bonds. Instead of the methyl (Si-Me) groups, vinyl groups can also be incorporated into the porous network by using cage siloxane having --OSiCH=CH~2~(OiPr)~2~ groups \[[@B35-molecules-25-00524]\]. Similar compounds with different numbers of Si-OEt groups per silyl group (Si~8~O~12~\[OSiMe~2~(OEt)\]~8~ and Si~8~O~12~\[OSi(OEt)~3~\]~8~) gave non-porous xerogels under identical conditions \[[@B25-molecules-25-00524]\], suggesting that the degree of cross-linking is a crucial factor for the generation of voids between the cages.

The cage siloxanes with alkoxysilyl groups can be used as building blocks to produce ordered mesoporous materials by surfactant-directed self-assembly processes ([Figure 3](#molecules-25-00524-f003){ref-type="fig"}b) \[[@B25-molecules-25-00524],[@B36-molecules-25-00524]\]. The silanol groups formed by hydrolysis of the Si-OEt groups can interact with PEO-PPO-PEO-type block copolymer surfactants to form 2D hexagonal mesostructures. When the aforementioned cage siloxane with --OSiMe(OEt)~2~ was used, the shrinkage of the mesostructure during the surfactant removal was suppressed as compared to the mesostructure prepared from a 1:1 mixture of tetraethoxysilane and methyltriethoxysilane. This is likely due to the rigid and fully condensed core of the cage siloxanes. We have also succeeded in fabricating a microporous xerogel and an ordered mesoporous material using a cage-type organosiloxane having methylene groups within the framework \[[@B37-molecules-25-00524]\].

Furthermore, surfactant-free self-assembly of alkoxy-functionalized cage siloxanes can be achieved by molecular design. We reported the formation of 2D hexagonal mesostructures from alkoxy-functionalized cubic siloxanes with a long-alkyl chain (C*~n~*H~2*n*+1~Si~8~O~12~(OEt)~7~, *n* = 16, 18, and 20) ([Figure 4](#molecules-25-00524-f004){ref-type="fig"}a) \[[@B38-molecules-25-00524]\]. The solution-state ^29^Si NMR analysis confirmed that hydrolysis of the ethoxy groups entirely proceeded without the cleavage of the Si--O--Si bonds to form amphiphilic molecules with a long-alkyl chain and seven silanol groups (C*~n~*H~2*n*+1~Si~8~O~12~(OH)~7~). Self-assembly and polycondensation of these hydrolyzed species occurred upon solvent evaporation, and alkyl chains were finally removed by calcination to form mesopores. The pore diameter was 2.8, 3.0, and 3.3 nm when the alkyl chain length was *n* = 16, 18, and 20, respectively. Similarly, mesoporous silica has been successfully produced using alkyl-substituted cage siloxanes with a D5R structure (C~16~H~33~Si~10~O~15~(OEt)~9~) \[[@B39-molecules-25-00524]\]. This method opens a promising route to control the framework structure of mesoporous silica. However, calcination at a high temperature may cause the collapse of the cage siloxane.

One effective method to avoid thermal deterioration of the cage siloxane units by calcination is the introduction of an alkyl ester group instead of simple alkyl groups ([Figure 4](#molecules-25-00524-f004){ref-type="fig"}b) \[[@B40-molecules-25-00524]\]. The ester bond was hydrolyzed under acidic conditions to remove alkyl chains after the formation of a mesostructure. The resulting mesoporous material contained carboxyl groups on the surface of the mesopores. The advantage of such a building block approach over the conventional method based on the post-modification is that uniform and dense distribution of organic functional groups can be achieved.

4. Crystalline Assemblies of Cage Siloxanes by Hydrogen Bonding of Silanol Groups {#sec4-molecules-25-00524}
=================================================================================

The above-mentioned microporous xerogels and mesoporous materials prepared using cage siloxanes do not have crystalline frameworks. It is necessary to establish a new methodology to achieve a regular arrangement of the cage siloxanes to construct crystalline nanoporous materials like zeolites. In the past decade, some progress has been made in the field of POSS-based inorganic--organic hybrid porous materials \[[@B41-molecules-25-00524],[@B42-molecules-25-00524],[@B43-molecules-25-00524],[@B44-molecules-25-00524],[@B45-molecules-25-00524],[@B46-molecules-25-00524],[@B47-molecules-25-00524],[@B48-molecules-25-00524]\]. The distance and direction between the cages can be defined by introducing rigid aromatic linkers \[[@B41-molecules-25-00524],[@B42-molecules-25-00524],[@B43-molecules-25-00524],[@B44-molecules-25-00524],[@B45-molecules-25-00524]\]. Chaikittisilp et al. reported the synthesis of a microporous material with a certain crystallinity by bridging the cage siloxanes with rigid biphenyl linkers \[[@B41-molecules-25-00524]\]. However, it is still challenging to construct a structure with higher crystallinity by irreversible covalent bond formation reactions employed in these studies.

One promising approach to crystalline materials is solid-state polycondensation of molecular crystals. Iyoki et al. synthesized an alkoxy-functionalized cage siloxane having an adamantoxy group and seven methoxy groups \[[@B49-molecules-25-00524]\]. Hierarchical micro- and mesoporous silica was obtained by hydrolysis and polycondensation of the methoxy groups in the solid phase, followed by the removal of the adamantoxy group by calcination. However, the initial crystalline structure has been lost during the reactions, which was probably due to the weak van der Waals interactions between the alkoxy-functionalized cage siloxanes in the molecular crystals.

Hydrogen bond (H-bond) is a relatively strong non-covalent bond widely employed for the supramolecular assembly of molecular building blocks. Modification of cage siloxanes with organic groups capable of H-bonding is effective for ordered assembly \[[@B50-molecules-25-00524]\]. Silanol groups are more useful because of the ability to form both H-bonds and siloxane bonds. Bulky organosilanols can form molecular crystals by H-bonding of the silanol groups \[[@B51-molecules-25-00524]\]. Kawakami et al. reported the synthesis of H-bonded, 3D crystalline networks of cage siloxanes modified with eight bulky organosilanol groups (Si~8~O~12~(CH=CHC~6~H~4~OSiPh~2~OH)~8~); however, condensation of the silanol groups was not performed \[[@B52-molecules-25-00524]\]. Furthermore, we reported the formation of crystalline solids from cage siloxanes modified with diphenylsilanol groups (Si~8~O~12~(OSiPh~2~OH)~8~) \[[@B53-molecules-25-00524]\]. Subsequently, solid-state condensation of the silanol groups proceeded by heating; however, structural regularities before and after the heat treatment were very low. It is likely that the bulky phenyl groups attached to the silanol groups sterically hinder the formation of highly ordered H-bonding networks and siloxane networks.

Recently, we found that cage siloxanes modified with dimethylsilyl (SiMe~2~H) groups were useful as precursors of the silanol modified cage siloxanes. The dimethylsilyl groups can be converted to dimethylsilanol (SiMe~2~OH) groups with water in the presence of a Pd/C catalyst without any side reactions ([Figure 5](#molecules-25-00524-f005){ref-type="fig"}a) \[[@B54-molecules-25-00524],[@B55-molecules-25-00524]\]. It should be noted that silanol-modified cage siloxanes are hardly obtained by hydrolysis of SiMe~2~OEt groups primarily because the acid present as a hydrolysis catalyst also promotes the condensation reaction of the silanol groups.

Dimethylsilylated cubic siloxanes (Si~8~O~12~(OSiMe~2~H)~8~) can be obtained by silylation of D4R silicate anions prepared in the presence of TMA cations. After the oxidation of the Si-H groups to form Si-OH groups, the dimethylsilanol-modified cage siloxanes were crystalized from the THF/1,3,5-trimethylbenzene solution \[[@B55-molecules-25-00524]\]. The crystals had a plate-like morphology. Single-crystal X-ray structural analysis revealed a pillared layered structure in which -SiMe~2~OH groups form both intra- and intermolecular H-bonds ([Figure 5](#molecules-25-00524-f005){ref-type="fig"}b). The solvent molecules (1,3,5-trimethylbenzene) were included in the open framework structure.

Upon heating of this molecular crystal, condensation of the silanol groups proceeded as confirmed by ^29^Si MAS NMR. The plate-like morphology was retained after the heat treatment. Although the number of the XRD peaks decreased significantly, one sharp peak was still observed, suggesting the formation of a siloxane structure that reflects the regularity of molecular crystals \[[@B54-molecules-25-00524]\]. However, the resulting product had a low surface area, which was due to the change of the crystal structure upon the evaporation of the solvent molecules. To avoid a thermal change of the crystal structure, we performed silylation reactions to bridge the H-bonded silanol groups. A crystalline microporous material was successfully obtained by bridging the silanol groups with trichlorosilane (HSiCl~3~) \[[@B55-molecules-25-00524]\].

A D3R siloxane modified with dimethylsilanol groups (Si~6~O~9~(OSiMe~2~OH)~6~) was also synthesized to form molecular crystals \[[@B56-molecules-25-00524]\]. In this case, dimethylsilylation of Si~6~O~9~^6-^ at a low temperature (−94 °C) was crucial for suppressing the deterioration of the relatively unstable D3R cages. The crystal structure was different from that of the dimethylsilanol-modified D4R siloxanes. The crystal had a layered structure constructed by intermolecular H-bonding networks, and solvent (THF) molecules are included between the layers. The D3R cages were arranged into a pseudo-hexagonal structure, while the D4R cages were arranged into a tetragonal structure. These differences can be attributed to the differences in the symmetries and the distances between the adjacent silanol groups in the D3R and D4R siloxanes. However, this crystal had no open channels; therefore, a microporous material was not obtained.

H-bonded molecular crystals have also been obtained from dimethylsilanol-modified cage organosiloxane containing methylene groups in the framework \[[@B56-molecules-25-00524]\]. Although microporous crystals have so far been obtained only from the dimethylsilanol-modified D4R siloxanes \[[@B55-molecules-25-00524]\], regular arrangement of cage siloxanes by H-bonding of silanol groups is expected as a new soft chemical approach to the construction of crystalline zeolitic materials.

5. Controlled Connection of Cage Siloxanes by Regioselective Functionalization with Silanol Groups {#sec5-molecules-25-00524}
==================================================================================================

Controlling the number and position of the reaction sites on cage siloxanes is another promising approach to construct well-defined siloxane structures. For example, mono-silanol functionalized cage siloxanes exclusively form dumbbell-like siloxanes \[[@B30-molecules-25-00524],[@B57-molecules-25-00524]\]. Di-silanol functionalized cage siloxanes are more interesting because of their potential to form linear and cyclic polymers. Linear polymers containing the cage structure in the main chains have been synthesized by using cage siloxane possessing two reaction sites at the opposite positions \[[@B58-molecules-25-00524],[@B59-molecules-25-00524]\].

The control of the position of the two reaction sites is essential to form cyclic polymers of cage siloxaness. Among the three regioisomers of di-functional D4R siloxanes, the isomer having two silanol groups at adjacent corners should be the most suitable one, because of the narrow bond angle between the two silanol groups. We reported the synthesis of cage siloxanes where two adjacent corners were selectively modified with silanol groups ([Figure 6](#molecules-25-00524-f006){ref-type="fig"}) \[[@B60-molecules-25-00524]\]. The key to this success was the use of a di-hydroxy organic compound that can bridge the adjacent corner Si atoms by the reaction with Si-H groups. After the hydrolysis of the Si-O-C bonds to form silanol groups, cyclic siloxanes with well-defined cavities (cyclic-(R~6~Si~8~O~13~)*~n~*; R = alkyl, *n* = 3, 4, and 5) were obtained by intermolecular condensation ([Figure 7](#molecules-25-00524-f007){ref-type="fig"}). These cyclic compounds can be regarded as "molecular zeolites". The cyclic trimer and tetramer of the D4R cages can be found in the framework of LTA zeolite. These compounds are obtained as liquids and are soluble in organic solvents, providing highly accessible cavities that allow for the efficient inclusion of guest species.

6. Conclusions {#sec6-molecules-25-00524}
==============

The recent development in the construction of siloxane-based porous materials using cage-type siloxanes as molecular building blocks has been presented. Significant progress has been made on the syntheses of molecularly ordered nanoporous materials by the controlled connection of cage siloxanes based on H-bonding assembly and regioselective modification with silanol groups. This building block approach allows for the creation of novel nanoporous materials with diverse structures and compositions that cannot be achieved by conventional synthetic methods, leading to various applications.
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![Typical structures of cage-type oligosiloxanes. The corner substituents are omitted for clarity.](molecules-25-00524-g001){#molecules-25-00524-f001}

![General synthetic routes to cage-type oligosiloxanes with a D4R structure. (**a**) Synthesis of D4R silicate anions using TMAOH and subsequent silylation with chlorosilane to introduce functional groups; (**b**) Synthesis of POSSs.](molecules-25-00524-g002){#molecules-25-00524-f002}

![Synthesis of nanoporous materials using alkoxy-functionalized cage siloxanes: (**a**) microporous xerogels by simple sol--gel reactions and (**b**) mesoporous materials by surfactant-directed self-assembly processes.](molecules-25-00524-g003){#molecules-25-00524-f003}

![Synthesis of mesostructured materials by surfactant-free self-assembly of (**a**) cage siloxanes with a long alkyl group and (**b**) cage siloxanes with a long-chain alkyl ester group and subsequent hydrolysis of the ester bonds.](molecules-25-00524-g004){#molecules-25-00524-f004}

![(**a**) Synthesis of dimethylsilanol-modified cage siloxane. (**b**) Structure of the molecular crystal of dimethylsilanol-modified cage siloxanes. Reproduced with permission from \[[@B55-molecules-25-00524]\]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.](molecules-25-00524-g005){#molecules-25-00524-f005}

![Synthesis of di-silanol functionalized cage siloxanes using a di-hydroxy organic compound.](molecules-25-00524-g006){#molecules-25-00524-f006}

![Macrocyclic compounds (cyclic-(R~6~Si~8~O~13~)*~n~*) obtained by intermolecular condensation of di-silanol functionalized D4R siloxanes. The R groups are omitted for clarity. Reprinted with permission from *Inorg. Chem.* **2018**, *57*, 14686−14691 \[[@B60-molecules-25-00524]\]. Copyright 2018 American Chemical Society.](molecules-25-00524-g007){#molecules-25-00524-f007}
